Lectins translate information encoded in glycan chains of cellular glycoconjugates into bioeffects. The topological presentation of contact sites for cognate sugar binding is a crucial factor toward this end. To dissect the significance of such phylogenetically conserved properties, the design and engineering of non-natural variants are attractive approaches. Here, a homodimeric human lectin, i.e. adhesion/growth-regulatory galectin-1, is converted into a tandem-repeat display by introducing the 33-amino-acid linker of another family member (i.e. galectin-8). The yield of variant was reduced by about a third. This protein had ∼10-fold higher activity in hemagglutination. Nearly complete sequence determination by mass-spectrometric in-source decay and fingerprinting excluded the presence of any modifications. When 1 H-15 N heteronuclear single-quantum coherence data on the 15 N-labeled variant and wild-type protein were compared, changes in chemical shifts, signal intensities and resonance multiplicities revealed reduction of stability of interfacial contacts between the lectin domains and an increase in inter-domain flexibility. When both binding sites in the variant were loaded with ligand, association of the two carbohydrate recognition domains was enhanced, corroborated by gel filtration. Dynamic changes in the spatial presentation of the two lectin domains in the context of a tandem-repeat display can alter counterreceptor targeting relative to the fixed positions found in the proto-type galectin homodimer.
Introduction
The realization of their unsurpassed capacity for coding is directing increasing attention to the glycan part of cellular glycoconjugates (Roseman, 2001; Spiro, 2002; Cummings, 2009; Honke and Taniguchi, 2009; Patsos and Corfield, 2009; Zuber and Roth, 2009) . One common route to translate the sugar-encoded information into cellular effects starts with the specific recognition by receptors (lectins) (Lis and Sharon, 1998; Gabius et al., 2011; Solís et al., 2015) . Following establishment of the contact of the cognate glycan with the lectin's carbohydrate recognition domain (CRD), the way CRDs are presented in the spatial context then determines the lectin's ability to build aggregates (lattice) with its counterreceptors. Cross-linking surface determinants for cell-cell or cell-matrix adhesion (trans-interactions) or triggering signaling (cis-interactions) critically depend on the modes of covalent or non-covalent CRD association. As consequence, a recurring theme in lectin families is their separation into groups with respective structural differences. Focusing on galectins (Gals; β-sandwich proteins binding β-galactosides), three types of design are phylogenetically conserved: a non-covalent homodimer ( proto-type), two different CRDs covalently connected by a linker peptide (tandem-repeat-type) and a CRD associated with a tail composed of an N-terminal peptide and non-triple helical collagen-like repeats (chimera-type) (Kasai and Hirabayashi, 1996; Cooper, 2002; Kaltner and Gabius, 2012) . Although particular functions such as induction of anoikis/apoptosis in activated T cells or neuroblastoma/pancreatic carcinoma cells or modulation of cell adhesion and integrin-dependent signaling have been delineated for a proto-type (Gal-1) or a tandem-repeat-type protein (Gal-8) (Cooper, 1997; Pace and Baum, 1997; Gabius, 2001; Levy et al., 2001; Zick et al., 2004; André et al., 2007; Amano et al., 2012; Ledeen et al., 2012; Smetana et al., 2013) , a definitive structure-activity correlation explaining the physiological significance of non-covalent dimerization vs. linker-connected dimer presentation has not yet been achieved. Toward this end testing new nonphysiological variants generated by engineering can be helpful.
A salient issue in this respect is to reveal details on the tendency for CRD association in the presence of a typical galectin linker. Owing to the availability of complete signal assignments for Gal-1 by 13 C/ 15 N-based NMR spectroscopy (Nesmelova et al., 2008) , respective structural studies are now possible. Thus, we engineered a variant of human Gal-1, in which we connected its two CRDs by the 33-amino-acid linker of Gal-8S (S = short), as shown in Fig. 1 . The product of the conversion of a proto-type to a tandem-repeat-type protein is called Gal-1 (8S). Experimentally, we optimized recombinant expression, ascertained its lectin activity and nearly completely verified the protein's primary structure by mass spectrometry. The structural impact of linker presence in the absence and presence of ligand was examined by 1 H-15 N heteronuclear single-quantum coherence (HSQC) NMR spectroscopy, flanked by analytical gel filtration. Compared with common linker application to stabilize weak interactions (Chichili et al., 2013) , we have study the response of a homodimer to linker insertion.
Materials and methods

cDNA engineering and protein production
A three-step polymerase chain reaction (PCR) strategy was devised to obtain the cDNA for turning the Gal-1 CRD into a tandem-repeattype display connected by the Gal-8S linker. Six different oligonucleotides were synthesized, four to amplify the cDNA of wild-type (WT)
Gal-1 and two specific for the linker sequence of Gal-8S. In the first step, three fragments with overlapping regions were generated by PCR: (i) the nucleotide sequence for the N-terminal CRD using a forward flanking oligonucleotide containing an internal NdeI restriction site (5′-gcacatatggcttgtggtctggtc-3′) and a reverse oligonucleotide (5′-gtaagtccgagctgaagctaaagtcaaaggccacac atttg-3′) with a sequence specific for the connected regions, (ii) the linker sequence with 5′ (5′-caaatgtgtggcctttgactttagcttcagctcggac ttac-3′) and 3′ (5′-gcgaccagaccacaagcaagctggggcgtgccag-3′) parts complementary to Gal-1′s sequence and (iii) the nucleotide sequence for the C-terminal CRD using a forward oligonucleotide containing a sequence complementary to the linker region connected with the CRD (5′-ctggcacgccccagcttgcttgtggtctggtcgc-3′) and the reverse flanking primer with an internal HindIII restriction site (5′-cgtaagctttcagtcaaa ggccacac-3′). Owing to their overlapping regions, the purified fragments were suited to serve as templates for PCR using Phusion High Fidelity Polymerase™ (New England BioLabs, Frankfurt, Germany).
To proceed to generating cDNA sections consisting of the sequence for the N-terminal CRD associated with the linker sequence and the linker sequence attached to the C-terminal CRD, the purified cDNA pieces 1 and 2 together with the forward flanking oligonucleotide and the reverse oligonucleotide for the linker or cDNA pieces 2 and 3 in combination with the reverse flanking oligonucleotide and the forward oligonucleotide for the linker were then processed in a second PCR. Finally, with the flanking oligonucleotides and the PCR products from the second step, one cDNA encoding the two CRDs connected by the linker was amplified by a third PCR. Making use of the NdeI and HindIII restriction sites, the completed cDNA was ligated into the pGEMEX-1 vector (Promega, Mannheim, Germany). The absence of mutations in the primary structure of the plasmid with the insert was verified by DNA sequencing. Following transformation of Escherichia coli BL21 (DE3)-pLysS (Promega) for recombinant protein production. Cells were grown in LB medium (Roth, Karlsruhe, Germany) containing ampicillin (Roth) and chloramphenicol (Roth) for 16 h at 37°C and then transferred to TB medium (Roth). After an initial growth phase of 2-3 h at 37°C up to an OD 600nm of 0.6-0.8, expression of the galectin gene was induced using 100 µM β-D-thiogalactopyranoside, and cells were cultured at 37°C thereafter for an additional period of 16 h. The protein was purified from extracts by affinity chromatography on lactosylated Sepharose 4B as crucial step, as previously described for WT Gal-1 (André et al., 2007) . Following initial purity assessment by gel electrophoresis, further quality controls were done by mass spectrometry ( please see below). Carbohydrate-binding and cross-linking activity were comparatively determined by solid-phase assays using the matrix-presented glycoprotein asialofetuin as ligand and by hemagglutination assays using trypsin-treated, glutaraldehydefixed rabbit erythrocytes (Gabius et al., 1985 (Gabius et al., , 1992 .
Mass-spectrometric analysis
Matrix-assisted laser desorption/ionization (MALDI) time-of-flight (TOF) mass spectrometry was applied for protein characterization in a top-down approach by in-source decay (ISD), while peptides from trypsin-digested protein were analyzed in a bottom-up approach by peptide mass fingerprinting. The protein sample was dissolved in water to reach a final concentration of 100 pmol/µl. For ISD processing with sinapinic acid (SA) as matrix, the protein-containing sample was further diluted with 0.1% trifluoroacetic acid (TFA) to a final concentration of 40 pmol/µl. A 0.5 µl of a saturated solution of SA in ethanol was pipetted on individual spots of the MALDI target. After drying, 1 µl of protein solution was added on top of the thin SA layer, immediately followed by 1 µl of a saturated solution of SA in 0.1% TFA with 30% acetonitrile (TA30). When using super 2,5-dihydroxybenzoic acid (sDHB) as matrix, 1 µl of sample diluted in TA30 (1:10, v/v) was pipetted on an individual spot of the MALDI target, immediately followed by 1 µl of a solution of 50 mg/ ml sDHB in TA50 (50% acetonitrile in 0.1% TFA). For the mass fingerprinting, the protein (10 µg in 10 µl 40 mM NH 4 HCO 3 ) was first treated with 2 µl of a 10 mM solution of dithiothreitol (DTT) in 40 mM NH 4 HCO 3 at 45°C for 1 h to completely reduce disulfide bonds, the thiol groups were then alkylated by addition of 1 µl of a solution of 55 mM iodoacetamide at 25°C for 30 min and after adding 2.5 µl of 10 mM DTT, the mixture was incubated for 15 min at 37°C to let all iodoacetamide react with a thiol group. Tryptic digestion was performed with 100 ng trypsin in 40 mM NH 4 HCO 3 solution overnight at 37°C. Digest mixture was diluted in TA50 solvent (1:5, v/v) . One microliter of sample was then pipetted on individual spots of the MALDI target followed by 1 µl of a saturated solution of α-cyano-4-hydroxy-cinnamic acid in TA50. All matrices were obtained from Bruker Daltonik (Bremen, Germany). Spotted samples were dried at ambient temperature prior to massspectrometric analysis.
MALDI mass spectra were collected on an Ultraflex™ TOFTOF I instrument (Bruker Daltonik) equipped with a nitrogen laser (20 Hz), as described for variants of human Gal-3 recently . For samples prepared with the SA matrix, reflectron in-source decay (reISD) spectra were recorded in the positive-ion reflectron mode using the following settings: ion acceleration voltage at 25.0 kV, reflector voltage at 26.3 kV and first extraction plate at 21.75 kV. Linear in-source decay (linISD) spectra were measured in the positive-ion linear mode with settings for ion acceleration voltage at 25.0 kV and first extraction plate at 23.2 kV. For samples prepared with the sDHB matrix, reISD spectra were recorded in the positive-ion reflectron mode using the following settings: ion acceleration voltage at 25.0 kV, reflector voltage at 26.3 kV and first extraction plate at 21.65 kV. For peptide fingerprinting, the positive-ion reflectron mode with ion acceleration voltage at 25.0 kV, reflector voltage at 26.3 kV and first extraction plate at 21.75 kV was set. Experimental information from up to 5000 individual laser shots was routinely accumulated. Calibration of spectra was performed externally by a linear fit using trypsinogen and protein A from protein calibration standard II for proteins, by a quadratic fit using the protein standard I for linISD or the peptide calibration standard II for reISD spectra and peptide mass fingerprinting (Bruker Daltonik). FlexControl version 2.4 was used for instrument control and FlexAnalysis version 2.4 for processing the data of the spectra. Annotated spectra were further analyzed by BioTools 3.0 (Bruker Daltonik).
HSQC spectroscopy
Uniformly 15 N-labeled Gal-1 (8S), prepared as described for wild-type
Gal-1 previously (Miller et al., 2011) , was dissolved at a concentration of 80 µM in 20 mM potassium phosphate buffer at pH 7.0, in a 95% H 2 O/5% D 2 O mixture. NMR experiments were carried out at 30°C on a Bruker Avance 700 MHz spectrometer equipped with a H/C/N triple-resonance probe and a x/y/z triple-axis pulse field gradient unit. A gradient sensitivity-enhanced version of two-dimensional 1 H-15 N HSQC was applied with 256 (t 1 ) × 2048 (t 2 ) complex data points in the 15 N and 1 H dimensions, respectively. Raw data were converted and processed by using NMRPipe (Delaglio et al., 1995) , then analyzed by using NMRview (Johnson and Blevins, 1994) . 1 H-15 N HSQC NMR experiments were run in the absence and presence of lactose at varying concentrations. The previously reported 1 H-15 N resonance assignments for WT Gal-1 (Nesmelova et al., 2008) were mapped onto spectra of Gal-1 (8S).
Gel filtration analysis
Protein-containing solutions (100 µg in a volume of 50 µl phosphatebuffered saline) were run over a Superose™ HR10/30 column using an ÄKTApurifier 10 system at a flow rate of 0.5 ml/min at 4°C. The column was calibrated with the molecular weight markers Blue Dextran (M r > 2000 kDa), aldolase (M r = 158 kDa), albumin (M r = 67 kDa), ovalbumin (M r = 44 kDa), chymotrypsinogen (M r = 25 kDa) and vitamin B 12 (M r = 1.35 kDa). WT and variant proteins were processed in consecutive runs to ensure comparison.
Results
Protein characterization
Insertion of the Gal-8S-specific linker into the Gal-1 sequence proved to be no major obstacle to recombinant protein production. The engineered variant protein was purified at a yield of ∼25 mg/l, compared with 80 mg/l of WT Gal-1. Because isolation by affinity chromatography was based on the interaction with lactose attached to the resin, carbohydrate-binding capacity of the new tandem-repeat-type lectin was maintained. In solid-phase assays, the protein bound to the glycoprotein asialofetuin in a glycan-dependent and saturable manner ( Supplementary Fig. S1 ). These results were confirmed by inhibition of hemagglutination using lactose. Thus, the variant worked as cross-linker as the WT protein does. The Gal-1 (8S)-dependent erythrocyte aggregation was blocked by a concentration of 12 mM lactose (∼6 mM for the WT protein), whereas even concentrations of up to 100 mM of mannose tested as osmolarity control failed to impair the reaction. Interestingly, agglutination was seen at 5-10 ng/ 50 µl for Gal-1 (8S), an amount considerably smaller than the 125 ng/50 µl necessary in the case of the WT protein. Obviously, as cross-linker for erythrocytes, the variant is much more active than the natural homodimer. Structural analysis of the protein started with a mass determination, obtaining the singly and doubly charged molecular ions without evidence of any significant contamination ( Fig. 2A) . The measured value of 32 720.1 Da is very close to the calculated mass (32 717 Da). Peptide mass fingerprinting resulted in nearly complete sequence coverage, the only two gaps apparent for two sets of five amino acids, one at the C-terminus (Fig. 2B and C) . Independently, the Nand C-terminal were sequenced by reISD, providing definitive structure information also at the C-terminus, fully in line with the predictions (Fig. 3) . This method enabled a stepwise sequencing starting from the smallest obtained c-or (z + 2) ions, which define the Nand C-terminal peptides, in this case with nine and eight amino acids, respectively (Fig. 3) . Of note, the change in the matrix constituent from sDHB to SA restricted the informational contents to the c-ions, with stepwise degradation starting at position 19 (Fig. 3C) . In total, 44 positions for amino acids were ascertained starting with the N-terminus, 43 at the C-terminus. Additional information on the sequence read from the N-terminus was obtained by linISD with the SA matrix allowing the detection of c-ions up to position 76 ( Supplementary Fig. S2 ).
The combination of these datasets excluded any sequence deviation or post-translational modification except for the iodoacetamidemediated substitution of cysteine residues. This reaction was performed to protect Gal-1 from loss of activity by oxidation and to preclude intermolecular disulfide bonding. The variant protein could thus be subjected to 
Structural analysis in solution
Exemplary HSQC spectra of variant and WT proteins acquired under identical conditions are shown in Fig. 4 . Black cross-peaks originate from the variant protein, and red cross-peaks from the WT protein.
The large degree of similarity in backbone resonance dispersion and chemical shifts indicates that the β-sandwich fold is maintained in each subunit of the variant. As shown in Fig. 4A and B, resonances appeared to be broadened and/or increased in their multiplicity, when compared with those from the WT protein. Apparently, the presence of the linker in the variant leads to conformational heterogeneity vis-à-vis that in the well-structured state of the WT protein.
These HSQC data on the variant indicate existence of multiple states that interconvert in a slow-intermediate exchange regime on the chemical shift time scale. No concentration-dependent spectral changes between 17 and 243 µM were observed so that intermolecular associations can be excluded within this concentration range.
Comparison of HSQC spectra from variant and WT proteins showed that resonances from the CRDs generally maintained their positions as found in the WT reference. It is apparent that resonances from the CRD are decreased in intensity compared with those from the WT protein (Fig. 4 and Supplementary Fig. S3 ). The absence of shifts enabled identification of resonances arising from the linker portion. Such signals from at least 21 of the 33 residues from the linker could unambiguously be resolved (within the dashed circle in Supplementary Fig. S3 ), some of which were also broadened. Because these linker-associated resonances are present in that region of the HSQC spectrum typical of unfolded peptides, it appears that the linker is relatively unstructured and highly mobile.
Proceeding from the general overview to a more detailed inspection of signals from distinct sections of the protein, especially the interface region formed by the terminal β-strands, the relative changes in chemical shifts and resonance intensities were plotted against the aminoacid sequence (Fig. 5) . For residues showing multiple cross-peaks, the value of highest intensity is given. Most pronounced reductions in intensity are seen for the β-strands engaged in the dimer interface in the WT protein (β-strands 1, 2, 10 and 11) and for β-strands 7 and 8 within the F-face of the CRD (Fig. 5A) . The same situation is seen in the case of chemical shift differences: they are also attributable to residues at the dimer interface (Fig. 5B) . The most significant differences are highlighted in red in the X-ray structure of the WT protein (PDB 1GZW) (Fig. 5C ). The presence of the linker thus perturbs certain residues throughout the CRD, especially those at the inter-subunit interface and on the F-face of the β-sandwich. Because loading the contact site for sugar with lactose causes a compaction of the WT protein, as measured by small angle neutron scattering (decrease in gyration radius from 19.1 ± 0.1 to 18.2 ± 0.1 Å; He et al., 2003) and by fluorescence correlation spectroscopy (increase in diffusion constant from 1.05 ± 0.01 to 1.11 ± 0.01 × 10 −6 cm 2 s −1 ; Goehler et al., 2010), we next studied the effect of the presence of lactose on the variant's HSQC spectrum.
As shown in Fig. 6A , the most obvious effect from adding lactose is an increase in the intensity of HSQC resonances (cross-peaks in red). Lactose binding shifts this spectral property into the direction of what is seen with the WT protein. Moreover, chemical shift differences shown in Fig. 6B strengthened this observation; in fact, this pattern also attained features akin to those of the WT protein ( Supplementary Fig. S4A ). The correlation plot of Δδ values for variant vs. WT protein illustrates a high degree of similarity with a R 2 value of 0.83 from linear regression analysis ( Supplementary Fig.  S4B ). To obtain a measure of affinity titrations with lactose were performed, and fitting of HSQC chemical shift difference data using a sigmoidal/Boltzmann function, as shown in Fig. 6C , resulted in an average K D -value of 283 ± 56 µM for the variant, thus revealing a relative increase in K D -value to that of 149 ± 28 µM reported for the WT protein (Nesmelova et al., 2010) . This finding is consistent with the (A and B) Mass spectra of Gal-1 (8S) using sDHB as matrix show the smallest detectable peptide at the c9/c10 (A) and 8/9 (z + 2) positions and the ensuing stepwise peptide ladder. (C) Sequencing of the N-terminus by reISD. Mass spectrum of Gal-1 (8S) using SA as matrix presents the smallest detectable peptide at the c18/c19 position and ensuing stepwise peptide ladder. requirement for applying a higher lactose concentration for the variant than for the WT protein to block hemagglutination as reported above.
In addition to processing the data on chemical shifts, signal intensity differences, too, were plotted vs. the amino-acid sequence (Fig. 6D) . These changes reflect alterations in exchange dynamics, e. g. increased internal motions or modulated interaction dynamics between the subunits or with the linker. Interestingly, the decrease in intensity in the course of the titration lagged behind that from chemical shift (Fig. 6E) . If lactose binding affected internal motions, then changes in both parameters would have occurred simultaneously.
In order to distinguish between the two possibilities of interactions involving the two CRDs or a CRD and the linker, we first plotted the chemical shift difference of lactose-loaded Gal-1 (8S) vs. WT Gal-1 (Fig. 7A ) and highlighted in red residues showing the largest changes in the structure (Fig. 7B) . The observed alterations at the binding site for lactose can account for the reduction in activity. Of particular relevance, relatively small deviations in the interface region (β-strands 1 and 11) and the F-face β-strand 2 occurred in the presence of the ligand, when compared with ligand-free Gal-1 (8S). These data are evidence for similar chemical environments at these sites in WT and variant proteins. Resonances from other strands within the F-face are less impacted by lactose loading, in line with CRD-linker contacts being independent of ligand binding. This process will first lead to effects on chemical shifts, as shown in Fig. 6E . Lactose accommodation will then alter the dynamics of CRD positioning more like that found in the WT protein. In structural terms, the variant protein would then look more like a homodimer than a tandem-repeat-type protein, in which the linker bridges two separate domains. Transient contacts of the linker with the F-face can continue to form.
To support this model, we performed analytical gel filtration on an inert matrix not interacting with Gal-1. Expectedly, the WT protein eluted at the position of the homodimer, regardless of lactose presence (Fig. 8A) . The sensitivity of this method is not sufficient to detect the ligand-induced compaction of the WT protein. However, it suffices to reveal a shape increase by the linker (Fig. 8B) . When lactose is present, the volume to elute the variant protein was consistently smaller than in the absence of lactose (Fig. 8B) . The variant protein appears to undergo a ligand-induced reduction of its shape, albeit not reaching the WT protein's mark in term of elution volume (Fig. 8B) . In essence, these data are fully in line with the HSQC-based evidence for a lactose-induced tendency toward interface contacts.
Besides the impact of lactose on chemical shift positions, further analysis of HSQC resonances from the variant disclosed that they became less diffuse and/or broadened and at most doubled in the presence of ligand. Supplementary Fig. S5 presents comparison for signals arising from two amino acids during titrations with lactose for the variant (A, C) and WT proteins (B, D). In the cases of the variant, signals were relatively weak and diffuse at the beginning of the titrations, as described above. Over the course of the titrations, some resonances of the variant turn into a pair of similar intensities. The two CRDs in the WT protein, however, consistently yielded signals without any such doubling. Their chemical environment is uniform. Transient interactions of the linker with one of the two CRDs in the variant can account for this disparity, as exemplified with residues 66 and 76 ( please also see Fig. 5A ).
Discussion
The members of the galectin family form an intricate network with distinct expression profiles. They are currently mapped and correlated to clinical data to reach diagnostic and prognostic conclusions, as regulation upon induction of differentiation is (Nagy et al., 2003; Cludts et al., 2009; Remmelink et al., 2011; Dawson et al., 2013; Katzenmaier et al., 2014) . The phylogenetic conservation of the structural design indicates special functional significance of each of the three modes of CRD display. Of note, in the model organism of comparatively small family size, i.e. chicken with its five canonical galectins, an orthologue of Gal-8 is the sole tandem-repeat-type protein, and Gal-1 is represented by a paralogue pair (Cooper, 2002; Kaltner et al., 2009) . The (non-covalent) homodimer must obviously be suited for distinct tasks, whereas the linker imparts not yet fully elucidated spatial properties relevant for target selection to the two CRDs. In the first step of applying engineering to resolve this issue, the two CRDs of Gal-1 had been covalently connected. A bridge of two glycine residues, the 14 amino-acid-long linker of Gal-9 and a rigid α-helix of 34 amino acids (from the bacterial ribosomal L9 protein) were used, resulting in increases in hemagglutination and pro-apoptosis activity on activated splenocytes or Jurkat E6-1 cells, respectively (Bättig et al., 2004; Bi et al., 2008; Earl et al., 2011) . Tested as negative control for eosinophil chemoattraction, work with a Gal-1 (8S) construct had been reported as 'unpublished data' (Sato et al., 2002) . From the other side, which is engineering within the structural context of tandem-repeat-type galectins, the linker of Gal-8 had been shortened to a hexamer of glycines, and the linkers of Gal-8 and -9 were substituted by dipeptides, resulting in the so-called 'Null' versions (Nishi et al., 2005; Levy et al., 2006) . As concluded by substituting the natural linker in Gal-8 by the Gly 6 sequence, 'the proper functioning of Gal-8 clearly depends not only upon the presence of its two CRDs but also upon their proper orientation, determined by the length of the linker or "hinge" region' (Levy et al., 2006) . Despite maintaining CRD juxtaposition, activation of MAPK/PI3K pathways was severely impaired in CHO cells in contact with a Gal-8 matrix (variant vs. WT), and binding to lactose-presenting agarose beads was reduced to 75% (Levy et al., 2006) . By most likely diminishing dynamic movements and relative rotations between the CRDs, the linker suggested to be 'an irregular coil' (Zick et al., 2004) , the 'Null' version of Gal-8 could be crystallized (Yoshida et al., 2012) . Overall, the respective functional assays for these variants detected reduced, similar or increased bioactivities depending on the lectin and the test system. But most importantly, these reports document the possibility to engineer cDNA and to produce variant proteins on the Gal-1/-8 platform. In this study, it was our aim to obtain 15 N-labeled tandem-repeat-like Gal-1 with the Gal-8S linker.
With this probe in hand, along with the WT protein, it should be possible to define structural aspects comparatively by 1 H-
15
N HSQC experiments. Additionally, any effect of ligand binding can be tested.
Following cDNA engineering, the variant was produced at smaller yield than the WT protein. To protect lectin activity and to preclude intra-and intermolecular disulfide bonding, promoted by spatial vicinity and flexibility as recently shown after covalent connection of subunits in β-wrapin (Gauhar et al., 2014) , the variant was treated with iodoacetamide (Whitney et al., 1986; Tracey et al., 1992; Goehler et al., 2012) . It was very active as cross-linker, albeit with reduced sensitivity to lactose. Thus, both CRDs maintain their carbohydrate-binding activity. Nearly complete mass-spectrometric sequence assessment, by combining results of peptide mass fingerprinting with those of ISD-driven N-and C-terminal sequencing, excluded any sequence deviation or post-translational modification and confirmed complete carbamidomethylation of cysteine residues by the iodoacetamide treatment. This part disclosed pronounced effects of the type of matrix used for ISD work on suitability for C-terminal characterization and generation of c-ions. Having herewith established the protein design and recombinant production as well as the essential analytical basis, the NMR-spectroscopical experiments could be expected to figure out aspects of the structural impact of linker presence. Insertion of the linker, shown in Fig. 1 , entails the transfer of single symmetric state (i.e. the homodimer; Giudicelli et al., 1997; He et al., 2003; Morris et al., 2004; Goehler et al., 2010; Nesmelova et al., 2010) to multiple constellations. They appear to exchange within the slow to intermediate regime on the chemical shift time scale (Keeler, 2005) . Inspection of the spectra revealed differences in chemical shift, signal intensity and multiplicity, all in line with spatial separation of the subunits of the homodimer. The opened access to the interface region of the CRDs and the presence of the linker did not lead to aggregation, a phenomenon seen for Gal-1 variants with the Gal-9 linker and an inserted rigid α-helix (Earl et al., 2011) . Gel filtration confirmed the assumption of a shape increase by linker insertion. Looking at Gal-8, an increase of the diffusion constant had been measured by fluorescence correlation spectroscopy relative to data with Gal-1, despite the increase in mass (Goehler et al., 2010) . Transient contacts between the linker and a CRD's F-face appeared possible, a likely reason for a difference in the CRDs' chemical environment. This was seen by an at least doubling of resonances.
The presence of lactose reduced the protein's flexibility, in the experimental terms of multiplicity and broadness of interface resonances, to arrive at such double resonances. Having revealed relay of structural information from the N-terminal CRD across the entire protein in solution for a natural variant of human Gal-8 based on a single nucleotide polymorphism (Ruiz et al., 2014) and lactose-induced dimer stabilization in the case of homodimeric Gal-7 (Ermakova et al., 2013) , it stands to reason to assume increased tendency toward dimer formation of the lactose-loaded variant, and a matching shape decrease was seen in gel filtration. However, this result should not be extrapolated and considered as general effect of a linker in a galectin. Tandem-repeat-type CRDs do not generally harbor complementary sequences for a heterodimerization of the CRDs. Because the length of the linker is essential for letting the tandem-repeat-type Gal-4 acquire susceptibility to lactose-induced compaction along with changes in binding properties to a cell (neuroblastoma) surface and bivalent glycan mimetics (Goehler et al., 2010; Kopitz et al., 2012; André et al., 2014) , our structural evidence encourages to systematically assess such structure-activity correlations. Products of alternative splicing of the Gal-8 mRNA (Bidon et al., 2001; Zick et al., 2004) , the two closely related Gal-4/Gal-6 proteins (differing in linker length by 24 amino acids; Gitt et al., 1998) in mouse, a species-specific polymorphism likely with neofunctionalization (Houzelstein et al., 2008) , and other tandem-repeat-type galectins belong to the list of study objects.
In summary, insertion of the Gal-8S linker leads to a separation of the two CRDs in the Gal-1 variant. The hereby attained structural dynamics can include their relative orientation, in total enhancing the activity as hemagglutinin at lower glycan affinity. Assumedly, the single symmetric state of the Gal-1 homodimer and the presence of two different CRDs with their inherent specificities in the tandem-repeat-type galectins are means to impose topological or specificity-based restrictions to minimize side reactions, i.e. binding to sites other than the set of counterreceptors. As consequence, counterreceptor selection and/or bioactivity profiles can be different, as seen for Gal-8 vs. Gal-1 and -3 in capacity to interfere with CHO cell adhesion to the plastic surface of tissue culture plates (Hadari et al., 2000) . Interestingly, Gal-1 and -8, albeit cooperating in stimulating murine splenic B cell proliferation and inducing the plasma cell differentiation factor interleukin-10, may engage different signaling pathways, Gal-3 not active in this respect (Tsai et al., 2011) . The same applies to growth inhibition of neuroblastoma (SK-N-MC) cells (Ruiz et al., 2014) . Owing to their increased activity or stability, variants as described herein may have merits as tools. This protein's structural response to lactose underscores operativeness of long-range transmission of a binding process through the protein promoting subunit re-association. Methodologically, the study exemplifies how to turn engineering of a structurally well-defined platform (i.e. Gal-1) together with the 1 H-15 N HSQC experiments into an approach to characterize structural effects of the conversion from a proto-to a tandem-repeat-type galectin. These data give direction to measuring cell-binding properties of the variant especially in systems where microdomain integrity is a crucial factor for high-affinity binding of Gal-1 (Kopitz et al., 2010) .
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